It has been proposed that the insertion time of a long terminal repeat (LTR) retrotransposon can be estimated by the divergence between the two LTRs at the both ends because their sequences were identical at the insertion event. This method is based on the assumption that the two LTRs accumulate point mutations independently; therefore, the divergence reflects the time since the insertion event. However, if gene conversion occurs between LTRs, the nucleotide divergence will be much smaller than expected with the assumption of the independent accumulation of point mutations. To examine this assumption, we investigated the extent of gene conversion between LTRs by applying a comparative genomic approach to primates (humans and rhesus macaques) and rodents (mice and rats). We found that gene conversion plays a significant role in the molecular evolution of LTRs in primates and rodents, but the extent is quite different. In rodents, most LTRs are subject to extensive gene conversion that reduces the divergence, so that the divergence-based method results in a serious underestimation of the insertion time. In primates, this effect is limited to a small proportion of LTRs. The most likely explanation of the difference involves the minimum length of the interacting sequence (minimal efficient processing segment [MEPS]) for interlocus gene conversion. An empirical estimate of MEPS in human is 300-500 bp, which exceeds the length of most of the analyzed LTRs. In contrast, MEPS for mice should be much smaller. Thus, MEPS can be an important factor to determine the susceptibility of LTRs to gene conversion, although there are many other factors involved. It is concluded that the divergence method to estimate the insertion time should be applied with special caution because at least some LTRs undergo gene conversion.
Introduction
Transposable elements (TEs) are ubiquitous in eukaryote genomes (McDonald 1993; Capy 1998; Kazazian 2004 , and references therein), and more attention is being paid to their evolutionary significance with increasing genome sequence data from many species (e.g., van de Lagemaat et al. 2003; Aminetzach et al. 2005; Britten 2006; González et al. 2008) . To assess the evolutionary role of a TE, it is important to estimate when it was integrated into the genome. A method to estimate the insertion time of long terminal repeat (LTR) retrotransposons was proposed by taking advantage of its insertion mechanism (Dangel et al. 1995; SanMiguel et al. 1996 SanMiguel et al. , 1998 ; the insertion of a TE creates a pair of LTRs with identical sequences at the two breakpoints (Perlman and Boeke 2004) . Assuming that two LTRs accumulate point mutations independently, the age of a TE is estimated from nucleotide divergence between the two LTRs.
A potential problem with this method is interlocus gene conversion. Gene conversion is a recombination process, which requires meiotic pairing; therefore, most gene conversion occurs between orthologous regions of sister chromatids (allelic gene conversion). In addition, it could potentially occur between any homologous regions in the genome (interlocus or ectopic gene conversion). Because this process also requires chromosomal pairing, it can be predicted that interlocus gene conversion should require a high sequence identity in a pair of reasonably long regions, but it remains largely unknown what conditions are required for interlocus gene conversion. Exceptions include several empirical studies to investigate the minimum length of interacting sequences for gene conversion (i.e., MEPS: minimal efficient processing segment). In mammals, it has been estimated that MEPS could be 300-500 bp in humans (Reiter et al. 1998 ) and >200 bp in mice (Liskay et al. 1987; Waldman and Liskay 1998 ; for a review, see Chen et al. 2007 ). Therefore, a major question is whether gene conversion occurs between LTRs, a pair of relatively short sequences, because there can be a number of LTRs with length longer than empirical estimates of MEPS (e.g., Hughes and Coffin 2005) . To address this question, we used a comparative genomic method to detect gene conversion outlined in Gao and Innan (2004) and Osada and Innan (2008) , which requires genomic sequences from at least two closely related species. The methods were applied to two pairs of close relatives, human-macaque and mouse-rat.
Materials and Methods

Statistical Methods for Detecting Evidence of Gene Conversion between LTRs
The action of gene conversion can be tested for shared full-length LTR retrotransposons, which are defined as those that were integrated into the genome before the speciation of the two species and are still shared by the two species at the exact same genomic location as illustrated in figure 1A . A full-length LTR retrotransposable element means an element that has two LTRs at each ends ( fig. 1A ). For all pairs of genomes (see Comparative Genomic Data), we attempted to detect such shared full-length LTR retrotransposable elements ( fig. 1A ).
Our analysis is based on the alignment of four LTR sequences as illustrated in figure 1B . The 5 and 3 LTRs in species A are referred to as A5 and A3 (B5 and B3 for species B). Based on the configuration of nucleotides, variable sites can be classified into several categories ( fig. 1B ) . First, if a site has two variants (nucleotides) and the frequency of the minor nucleotide is 1/4, the site is referred to as a singleton. Type-C and -N sites (representing conversion and nonconversion types) are defined as those with configurations (A5, A3, B5, B3 ) = (1, 1, 0, 0) and (1, 0, 1, 0), respectively, where 0 and 1 represent two different types of segregating nucleotides. A type-C site arises if a mutation that occurs after speciation is involved in a gene conversion event. A mutation that occurred before speciation will result in a type-N site if the site does not experience any gene conversion. In addition, there are variable sites that do not belong to the three categories, including those with more than two variants (denoted by W in fig. 1B ). In this study, we primarily focus on type-C and -N sites. The extent of gene conversion can be measured by the proportion of type-C sites: PC = n C /(n C + n N ), where n C and n N are the numbers of type-C and -N sites, respectively.
The presence of type-C sites can be evidence of gene conversion, but multiple mutations at a single site can also create a type-C site with no gene conversion. Therefore, we used a statistical method (Gao and Innan 2004; Osada and Innan 2008) to test the null hypothesis of no gene conversion in which the effect of multiple mutations is taken into account. The null model considers the evolutionary history of four sequences, A5, A3, B5, and B3, because the split of species A and B. No gene conversion is assumed, so that all four sequences independently accumulate random neutral mutations. Under this simple model, we computek , the expected number of type-C sites created by multiple mutations alone (without gene conversion), conditional on p 0 , the expected number of nucleotide substitutions per site between orthologous pairs of LTRs. p 0 can be estimated from orthologous divergence at the two LTRs with a correction of multiple hits (e.g., Jukes and Cantor 1969) . It should be noted that gene conversion between paralogous LTRs does not affect the expectation of orthologous divergence between the two species.
k can be analytically derived by focusing on a particular site. To be conservative, we use a simple two-nucleotide model in which only two states, 0 and 1, are allowed and recurrent mutations occur between 0 and 1. For example, consider the most recent common ancestor of a pair of LTR transposons from species A and B, which is denoted by M. In LTRs of the ancestral transposon, it is supposed that there is a site at which the configuration is given by (M5, M3) = (0, 0) or (1, 1). If two independent mutations occur (one in the 5 LTR and the other in the 3 LTR), then the configuration of (A5, A3, B5, B3) becomes (1, 1, 0, 0) or (0, 0, 1, 1) with a probability of 0.5. In a similar way, given (M5, M3) = (1, 0) or (0, 1), two mutations (one in each LTR) produce a type-C site with a probability of 0.5. Thus, two independent mutations in the two LTRs result in a type-C site with a probability of 0.5. Because the probability that two independent mutations in the two LTRs is roughly given by p 2 0 , the expected number of type-C sites created by multiple mutations isk = p 2 0 L /2, where L is the length of the LTRs. It should be noted thatk is smaller if four nucleotides are allowed. In a four-nucleotide model,k depends on the frequencies of the four nucleotides and mutation MBE rate bias, and the upper limit ofk in a four-nucleotide model corresponds tok = p 2 0 L /2. Therefore, we employedk = p 2 0 L /2, which makes the following statistics conservative.
The statistical test examines if the observed number of type-C sites is significantly larger than that expected under the null model with no gene conversion. Because the null model assumes that point mutations occur randomly along the lineages since the common ancestor M, the number of type-C sites created by multiple mutations should follow a Poisson distribution with meank . Then, the P value to test the null hypothesis is given by
Comparative Genomic Data
Our comparative genomic approach to detect gene conversion outlined above requires genomic sequences from at least two closely related species (but not too close) so that noncoding regions are alignable (this roughly corresponds to a species pair with synonymous divergence less than 20%). When we initiated this study (April 2009) , there were at least four species pairs that meet these criteria: human-macaque, mouse-rat, Drosophila melanogaster-D. simulans, and Saccharomyces cerevisiae-S. paradoxus. We ignored the human-chimpanzee pair and comparisons of multiple strains within single species because they are so closely related that there is no sufficient information on nucleotide divergence. For each of the four pairs, genome sequence data were downloaded from the UCSC Web site (http://genome. ucsc.edu/), and full-length LTR retrotransposons were searched in the first species (e.g., human for the humanmacaque pair) using two software programs, LTRharvest (Ellinghaus et al. 2008 ) and LTR STRUC (McCarthy and McDonald 2003) ) with their default settings. These two software programs are designed to identify full-length LTR retrotransposons that possess a pair of high homology regions but use different algorithms. LTRharvest simply searches putative pairs of LTRs based on the sequence length and homology, whereas LTR STRUC is more strict in that a motif (TG . . . CA) is required to be identified as a putative pair of LTRs. Then, using the UCSC Genome Browser and RepeatMasker (version 3.2.6 with repbase20090120), these detected elements were screened for annotated LTRs. This process is to exclude a number of false positives identified by the two software programs, including repetitive elements, such as simple repeats, satellite DNAs, SINEs, LINEs, DNA transposons, and large multigene families. For all pairs of LTRs identified, the presence of their orthologous elements was examined in the genome of the second species of the four species pairs (e.g., macaque for the human-macaque pair). It should be noted that the annotation of the UCSC Genome Browser and RepeatMasker cannot be directly used to detect full-length LTR retrotransposons because they lack information on which LTR belongs to which LTR retrotransposon. Table 1 summarizes the number of identified full-length LTR retrotransposons by the two software programs in the four genomes: human, mouse, D. melanogaster, and S. cerevisiae. In the human genome (hg18, May 2006), 3,782 fulllength LTR retrotransposons were detected, which include 1,868 endogenous retroviruses (ERV) Class I, 415 Class II, 282 Class III, and 1,213 mammalian apparent LTR retrotransposons (MaLRs). The performance of the two software programs is quite different; because of the strictness of the algorithm, LTR STRUC detected much smaller numbers of full-length elements. The presence of the orthologs of the 3,782 LTR retrotransposons in the macaque genome was examined with the pairwise alignment data (hg18/rheMac2) downloaded from the UCSC Web site. Because the downloaded alignments include nonorthologous regions, those nonorthlogous alignments were screened out based on the synteny information in the Ensembl Genome Browser. It was found that about 36% (1,369) have their orthologs in the macaque genome.
For the mouse-rat pair, 9,426 full-length LTR retrotransposons were identified in the mouse genome (mm9, July 2007), which consist of 712 ERV Class I, 5,313 Class II, 669 Class III, and 2,732 MaLR. Their orthologs were searched in the mouse-rat pairwise alignments (mm9/rn4), and we found that only 45 (0.5%) were shared by the rat genome Thus, the data for the human-macaque and mouse-rat pairs can be used for the analysis outlined above. Although we obtained a sufficient number of shared LTR retrotransposons for the human-macaque pair, only 45 LTR retrotransposons were shared by the mouse and rat genomes. To increase the amount of data for the mouse-rat pair, additional data were included in the analysis. The data of the 45 annotated LTR retrotransposons summarized in table 1 are referred to as Data i, whereas the additional data are referred to as Data ii. Data ii consist of 58 pairs of tandemly duplicated "LTR-like" elements, which were identified by LTR STRUC and LTRharvest but were excluded from above screening process because of a lack of annotation. Although there is no guarantee that all elements in Data ii are true LTR retrotransposons, Data ii were included in the following analysis because they are useful to address our primary question on MEPS. As will be shown below, elements in Data i and Data ii have very similar characteristics. The pooled data thus consist of more than 100 of LTRs and LTR-like elements. Kim et al. (1998) .
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Results
Human-Macaque
All 1,369 full-length LTR retrotransposons shared by humans and macaques are listed in supplementary table S1 (see Supplementary Material online), together with other information, including locations in the two genomes and the results of the statistical test for gene conversion. Figure 2A shows the distribution of the length of LTRs, indicating that most LTRs have lengths ranging from 100 to 400 bp, which may be smaller than empirical estimates of MEPS (300-500 bp; Reiter et al. 1998) . Typical distances between LTRs are 1-2 kb ( fig. 2B ). For each shared LTR retrotransposon, the numbers of type-C and -N sites (n C and n N , respectively) were counted, and PC was computed (supplementary table S1, Supplementary Material online). We found that most nonsingleton sites belong to either type-C or -N sites (7% and 78%, respectively), and type-W sites are relatively rare (15%). The distribution of PC of 1,095 LTRs with n C + n N 5 is shown in figure 2C . PC was low overall; most LTR pairs had PC < 0.2, and only 22 LTR pairs had PC > 0.9. Consistent with this, the P value was high for most LTR pairs. However, we found that 79 LTR pairs (6%) were P < 0.01, which was significantly higher than the expectation (1,369 × 0.01 ≈ 14) when there was no gene conversion for all 1,369 LTR pairs (P < 10 −34 , binomial distribution). Thus, gene conversion plays a significant role in at least some LTR pairs, although the overall effect of gene conversion on a genomic scale is not very large.
Mouse-Rat
The 45 full-length LTR retrotransposons (Data i) and 58 LTR-like elements (Data ii) shared by mice and rats are listed in supplementary table S2 (see Supplementary Material online). The distributions of LTR lengths and distances for Data i and Data ii are shown in figure 3A and B , respectively. About half elements have LTRs with lengths 100-200 bp long, providing a good resource for testing the MEPS because MEPS is estimated to be >200 bp in mice (Liskay et al. 1987; Waldman and Liskay 1998 typical distance between LTRs is between 1 and 2 kb, which is similar to the human genome ( fig. 2B ) . Overall, Data i and Data ii have very similar characteristics, and the pooled data were used in the statistical analysis of gene conversion.
The action of gene conversion was examined using the number of type-C and -N sites, and the results are summarized in supplementary table S2 (see Supplementary Material online) and figure 3C . In contrast to the humanmacaque pair, we found extensive evidence of gene conversion between LTRs for the mouse-rat pair. This could be because PC is overall very high (∼91%), which is much larger than that for the human-macaque pair. The distribution of PC for 61 LTRs with n C + n N 5 is shown in figure 3C . More than 60% have PC > 0.9, indicating a significant role of gene conversion between LTRs. There are only two LTR pairs with no type-C sites (i.e., PC = 0). The null hypothesis of no gene conversion is rejected at the 1% level for 87% (53/61) of LTRs with n C + n N 5 (this proportion decreases to 57% [59/103] when all LTRs are considered, most likely because of a lack of statistical power with few variable sites). 
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Correlation of PC and Other Factors
As mentioned earlier, interlocus gene conversion requires a certain length of paralogous regions with high homology. Based on this, we also predict that gene conversion should work more efficiently between longer sequences. To test this hypothesis, the correlation between the LTR length and PC was investigated (figs. 2D and 3D ). As expected, we observed a positive correlation for both species pairs regardless of the striking difference in the extent of gene conversion. The correlation is highly significant for the human-macaque pair (r = 0.25, P < 0.001), whereas the correlation of the mouse-rat pair was not significant (r = 0.07, P = 0.31), partly because of the lack of statistical power due to the small sample size. The P value was obtained by a nonparametric permutation test. In the permutation test, we randomized the pairs of PC and the other focal factor in the data, and the correlation coefficient (r) was computed for the randomized data. This process was replicated for 1,000 times, which produced the null distribution of r. We determined the P value as the proportion of replications that have r more than the observed r.
Another factor to determine the extent of interlocus gene conversion is the distance between LTRs. A negative effect of distance on the extent of gene conversion has been documented for duplicated genes in rodents (Ezawa et al. 2006) . The negative correlation for duplicated genes makes sense because closely located duplicates have more chance of pairing in meiosis, but we found a positive correlation for both species pairs (figs. 2E and 3E ). A possible explanation is that there is some kind of physical restriction (perhaps in the secondary structure of the chromosome) against meiotic paring of paralogs when the distance is too short. To examine this effect, distances were binned into 2-kb windows and the average PC in each window is shown by a star in figures 2E and 3E . It seems that the average PC is particularly low when distance is <4 kb in both cases, supporting our hypothesis. We furthermore found that there was negative correlation between distance and PC if LTRs with a distance <4 kb were excluded (broken line in figs. 2E and 3E ).
If gene conversion is GC biased (Galtier 2003; Marais 2003) , we predict a positive correlation between the PC and the GC content. As shown in figures 2F and 3F , they are positively correlated in both cases, although the correlation was significant only for the human-macaque pair (P = 0.001, permutation test). Furthermore, the average GC content in LTRs (44.5% and 46.9% for the human-macaque and mouse-rat pairs, respectively) is significantly higher than the genome average (about 41% and 42%, respectively) (International Human Genome Sequencing Consortium 2001; Mouse Genome Sequencing Consortium 2002; Rat Genome Sequencing Project Consortium 2004; Rhesus Macaque Genome Sequencing and Analysis Consortium 2007), providing another indirect evidence for gene conversion. We confirmed that this is not due to regional variation of the GC content because the average GC content of the surrounding regions of the LTRs (40.0% and 44.3%) are roughly consistent with the genome average. A high GC content might be a characteristic of LTR sequences, but this does not fully account for the observation because we observed a positive correlation between PC and GC content.
Discussion
Number of Shared Full-Length LTR Retrotransposons
We found substantial variation in the proportion of shared full-length LTR retrotransposons among the four species pairs. For the human-macaque pair, more than one-third (36%) of those detected in the human genome were shared by the two species. The proportion is much lower for the mouse-rat pair (0.5%), and no shared elements were detected for the D. melanogaster -D. simulans and S. cerevisiae -S. paradoxus pairs. This difference is partly due to the speciation time. The proportion of the shared elements and the speciation time should have a negative correlation. As expected, the human and macaque lineages split roughly 25 million years ago (Ma) (Kumar and Hedges 1998) , which corresponds to ∼10 6 generations assuming 25 years per generation in the human lineage (∼2.3×10 6 generations in the macaque lineage) (Keightley and Eyre-Walker 2000, and references therein). This is much smaller than the other three pairs. The second youngest species pair (when measured by the number of generations) is the mouse-rat pair, which diverged roughly 12-24 Ma (Adkins et al. 2001; Springer et al. 2003) , and the generation time is 6 months (Keightley and Eyre-Walker 2000, and references therein). We found no shared elements in Drosophila and yeast pairs. This may not be surprising for the yeast pair, which should have a much longer time since speciation (in terms of the number of generations). However, the divergence time of the Drosophila pair is not much smaller than that of the mouse-rat pair (table 2). This indicates that there could be other important factors to determine the proportion of shared elements, including transposon activity, the density, and distribution of transposons in the genome.
There are many other factors to determine the proportion of shared elements among which transposon activity should play a significant role. Theoretically, the dynamics of TEs in a genome depend on the rates of transposition and excision (Charlesworth and Langley 1989; Charlesworth et al. 1994) . According to population genetic theory, the number of transposons could be quite stable overtime unless the transposition and excision rates are low (Charlesworth and Charlesworth 1983; Langley et al. 1983) . If this is true, we can estimate the average lifetime. Here, we define the lifetime of a full-length LTR retrotransposon as the time from fixation of the element to an event by which it cannot be identified as a full-length LTR retrotransposon by LTRharvest or LTR STRUC. We assume that the excision rate is constant for all LTR retrotransposons along both lineages to the two species. The average lifetime in units of the time to the speciation event is denoted by T , where q is the probability that an element in the ancestor's genome is still present in both species, which is given by q = exp(−2/T ). Because we assumed that the number of transposons in a genome is roughly constant, it is considered that q approximates c Keightley and Eyre-Walker (2000) and references therein. d Adkins et al. (2001) and Springer et al. (2003) . e Rat Genome Sequencing Project Consortium (2004). f Tamura et al. (2004) . g Heger and Ponting (2007) . h Kellis et al. (2003) . i Rokas et al. (2003) . j Based on data under lab conditions (100 min; Warner 1999).
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the proportion of shared elements. Then, the expectation of q is given by exp(−2/T ). Incorporating this expectation into a Poisson distribution, we have a maximum likelihood (ML) function of the observed number of shared elements, i , given the total number, j , as
For the human-macaque pair with i = 1,369 and j = 3,782, the ML estimate of T is 1.97 (95% confidence interval [CI]: 1.87-2.07), or 49 million years (My), assuming that the speciation time was 25 Ma. For the mouse-rat pair with i = 45 and j = 9,426, the ML estimate of T is 0.374 (95% CI: 0.354-0.395), or 4.5-9 My, assuming that the speciation time was 12-24 Ma. This estimate is slightly shorter than that of the human-macaque pair, which may be partly explained by the shorter generation time of rodents. For the Drosophila and yeast pairs with much shorter generation times, our estimates of T are very small (table 2).
Effect of MEPS and Other Factors on the Extent of Gene Conversion between LTRs
Our analysis clearly demonstrates that short LTRs can be subject to interlocus gene conversion, although the extent of gene conversion is quantitatively different between the human-macaque and the mouse-rat pairs. For the human-macaque pair, only 6% of LTR pairs exhibited a strong signature of gene conversion (P < 0.01), whereas the corresponding percentile was 57% for the mouse-rat pair. Indirect genome-wide evidence of gene conversion was observed for both pairs as the correlation between PC and LTR length, the distance between LTRs and GC content ( figs. 2 and 3) .
A possible explanation for the difference in the extent of gene conversion between primates and rodents is the difference in MEPS. It has been estimated that MEPS could be 300-500 bp in humans (Reiter et al. 1998 ) and >200 bp in mice (Liskay et al. 1987; Waldman and Liskay 1998) . For the human-macaque pair, if this estimate can also be applied to macaques, most LTR lengths are smaller than MEPS; therefore, it is not surprising that PC is small overall. In agreement with this, we found that PC was significantly elevated for LTRs with a length >400 bp (average PC = 0.30 vs. 0.08, P < 0.001, permutation test). In contrast, footprints of gene conversion were observed in more than half LTR pairs in the mouse-rat pair. Whereas the empirical estimate of MEPS for mice is >200 bp, our results clearly showed that a number of LTRs with a length of <200 bp exhibited evidence of gene conversion, suggesting that the empirical estimate could be an overestimate. From figure 3D , it seems that MEPS = 100 bp would explain the data better than 200 bp. Thus, it is suggested that our comparative genomic analysis has more power to detect gene conversion than empirical methods to measure spontaneous mutations because it looks at the accumulated effect of a number of gene conversion events occurring since speciation.
It can be considered that MEPS provides one of the minimum conditions for gene conversion to occur, and there are a number of other factors to determine the susceptibility of LTRs to gene conversion. From extensive genome-wide surveys of duplicated genes (Ezawa et al. 2006; Osada and Innan 2008) , it has been suggested that closely located duplicates more likely undergo gene conversion. We found that this could hold for LTRs in both species pairs, except when the distance between LTRs is very short. According to the observations in figures 2E and 3E , PC is on average small when the distance is less than 4 kb, suggesting that there might be a physical mechanism to interfere chromosomal pairing between LTRs. In addition, the activity of gene conversion may be different along the chromosomes as well as local recombination rate, although we did not find a clear correlation between the PC and the recombination rate (supplementary fig. S1 , Supplementary Material online). Furthermore, as gene conversion is a homology-dependent event, the rate of gene conversion depends on the sequence identity between LTRs (Walsh 1987; Teshima and Innan 2004) . Thus, a number of complicated factors are involved to shape the observed patterns of divergence between LTRs.
In conclusion, our genome-wide demonstration of gene conversion strongly suggests that the divergence-based method of estimating the insertion time of LTR retrotransposon should be used with particular caution. Perhaps the MBE most important information needed prior to application of the method is MEPS. This method would cause a serious underestimation of LTRs with length greater than MEPS, although there are a number of other factors to determine the susceptibility of LTRs to gene conversion as discussed above.
Supplementary Data
Supplementary tables S1-S2 and figure S1 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
